In 2016 4.94 million tonnes of tyres were produced. Each tyre eventually become waste and pyrolysis has been considered an effective way of utilizing scrap tyres for several decades. However, pyrolysis has failed many times because the process has a great energy demand and the quality of products is unstable or insufficient for commercial use. Usually plants are focused on the production of pyrolytic oil or char and the gaseous phase is only a by-product. In this paper the importance of composition and quality of pyrolytic gas is emphasized. The main chemical properties make this gas a valuable biofuel that may satisfy energy requirements of the whole process (except for the start-up phase). Available data from literature concerning composition and other features of the pyrolytic gas from scrap tyres obtained at temperatures up to 1000 °C are compared with experimental results. The quality of evolved gases is discussed in the context of the Industrial Emissions Directive (IED), too. Finally, an analysis of the mass balances obtained allows a decision about the business profile and profitability.
Introduction
Globally the demand for cars has been rising consistently for many years, thus the problem with utilizing them after exploitation is urgent. According to the European Tyre & Rubber Manufacturers' Association, 4.94 million tonnes of tyres were produced in 2016 [1] . All of them eventually will become a difficult-to-utilize waste since they are generally very durable. Pyrolysis has been considered as an effective way to utilize scrap tyres for several decades, because it provides an opportunity of extracting valuable materials contained in tyres as well as releasing the energy from them. Additionally, emissions of pollutants such as polyaromatic hydrocarbons (PAHs) and CO2 are minimized, thus it is an environmentally respectable solution [2] .
In general, the process is usually focused on the production of oil or activated carbon from the solid residue [2] [3] [4] [5] [6] [7] . This is mainly because of the relatively good qualities of the liquid phase from pyrolysis, which may be used as a fuel after removing the redundant sulphur. The heating value of pyrolytic gas can reach even 44 MJ/kg, which is comparable with that of commercial fuels [8] . Moreover, the variety of valuable chemicals such as BTX (benzene, toluene, xylene), limonene, ethylbenzene contained in the pyrolysis oil, make it even more interesting for investors. However, the production of sorption materials from pyrolysis char is the most popular way of utilizing pyrolysis products. Active carbon with BET surface area over 1000 m 2 /g has been successfully produced from waste tyres, and its effective sorption of many different substances has been proved [9] .
On the other hand, it must be mentioned that pyrolysis is a process featuring a high energy consumption. As a result, waste tyre pyrolysis plants should be designed in a way that allows the use of the energy from the released syngas. In the first stage of the process, a reactor can be heated by combusted natural gas and then it may be fueled by the gases evolving. As reported by Aylón et al. [10] the amount of energy obtained through the combustion of the pyrolytic gas can cover all heating demands of the process, as well as to compensate for some heat losses. However, the quality of exhaust gases from scrap tyre pyrolysis should meet the EU requirements listed in the IED [11] . In this work the quality of pyrolytic gas will be examined in this wider context.
Materials and Methods
Tyre pieces of three different sizes were collected from the recycling company "Recykl" located in Greater Poland. The smallest fraction with an average particle size around 0.5 cm was chosen for the experiment. The samples were retrieved from whole tyres, thus they contained vulcanized rubber as well as steel and fabrics.
Tyre piece samples (each of 40 g) were placed into the pyrolysis chamber. The chamber was flushed with a nitrogen flow of 2 L/min for 2 min and then a constant flow of nitrogen was maintained. The settled heating rate was 5 °C/min. The sample was kept at the desired temperature (400 °C, 500 °C or 600 °C) for two hours in order to process all organic materials. Vapours released were continuously cooled down and collected inside the ice trap. In some experiments syngas was collected in Tedlar ® Bags using a vacuum chamber and then sent for analysis, whereas in others gas was released to the atmosphere through the scrubber. The experimental set-up with the scrubber is shown in Figure 1 .
Gases evolving during the pyrolysis were investigated in a gas chromatograph (GS) equipped with Thermal Conductivity Detector (TCD) and Flame Ionization Detector (FID). Additionally, in order to prepare mass balances solid residues and oils collected from the process were weighed. The amount of evolved gases was calculated from the difference in mass between the original samples and that of solid and liquid residues. 
Results

Gas Composition
The evolved gaseous mixture obtained from the pyrolysis of waste tyres was examined several times and then carefully reviewed by Williams [12] . It is possible to assume, that the mixture consists of methane and other hydrocarbons (mainly paraffins and olefins), carbon oxides, hydrogen and small amounts of impurities. Approximately 20 vol.% of the gas is methane [12] . Additionally, pyrolytic gas contains noticeable amount of hydrogen sulfide (H2S) which is highly corrosive.
In this work gas chromatography analysis showed the presence of compounds such as methane, ethylene, ethane, hydrogen or carbon monoxide. The GC/FID analysis results are shown in Appendix A. However, further analysis should be made since the concentration of particular components was influenced by the high concentration of nitrogen, for which a constant flow was maintained.
Mass Balances
The yields of pyrolytic gas varied significantly depending on the parameters of the process, especially temperature. The mass balances obtained from the pyrolysis at three different temperatures are shown in Figure 2 . As can be seen from the diagram, the amounts of gases produced decreased with increasing temperature from 400 to 600 °C. Temperatures around 600 °C are the most suitable for maximizing oil production, whereas at 400 °C the yields of char were the highest. However, at higher temperatures (up to 1000 °C) the production of gas increased as a result of the thermal cracking of pyrolytic oil [12] . 
Discussion and Conclusions
Pyrolysis has a great potential to become a popular method of waste tyre utilization, which may attract many investors. However, several issues need to be carefully considered. Firstly, parameters of the process should be chosen optimally to ensure efficient production of the desired products. The literature contains much useful information about factors that allow optimal plant configuration. Pyrolysis gas always accompanies the production of oil or char, thus its potential should not be wasted.
Previous research and this work show that pyrolysis gas from scrap tyres consists of flammable gases with a relatively high heating value. This was reported to be as high as 81.6 MJ/m 3 [13] , although usually it varies between 30 and 40 MJ/m 3 . On-site utilization of pyrolytic gas in the waste tyre pyrolysis plant may significantly enhance the profitability of the business.
However, the environmental issues must be considered too. According to the IED [11] , pyrolysis of scrap tyres is considered as combustion of waste, thus it is obliged to keep a very high quality of exhaust gases. Concentrations of SO2, NOX, HCl, HF, heavy metals, dioxins and other substances must be controlled. According to Aylón et al. [10] some of those will exceed limits (especially for SO2 emissions), when pyrolytic gas is being combusted. Thus, proper flue gas cleaning methods should be implemented. However, if the operator can prove that the quality of exhaust gases will not be lower than from natural gas, it does not have to control all those parameters [11] .
Moreover, the appearance of H2S in the raw gas obligate the designer to use very durable and expensive devices to prevent corrosion. It is expected that additional guidelines will appear soon containing limits of H2S in gas that fuels the engines. In conclusion, the designer should choose either flue gas cleaning or raw pyrolytic gas quality enhancement. Nevertheless, the importance of syngas quality must be taken into account during the investment planning and design. wt.% Gas Oil Char
